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The demand for construction work from new residential construction and new non-
residential construction has been increased. A major reason for the high demand for 
construction and heavy equipment is due to rising construction activities, an increase in 
government investment due to rising in the residential sector, and urbanization and 
economic growth. Additionally, many older buildings have been demolished, and new 
high-rise buildings have been built due to land shortages in highly populated cities.  
On construction sites, there are roughly 150,000 accidents every year in the U.S., 
and these accidents range from small accidents to casualties. The causes of accidents 
involve many factors, including falls, impacts by objects, electrocution, and being caught 
in machinery. Additionally, excavating near buried facilities is statistically one of the main 
causes of accidents. For example, the excavating could cause an explosion by damaging a 
buried gas pipe when performing excavating tasks on construction sites.  
Based on the background information, there is a clear need for more efficient 
construction methods because of higher demand and a shortage of equipment operators. 
Also, there is a need for safer construction equipment to reduce accidents on construction 
sites. The teleoperation of construction equipment could help to avoid casualties because 
human operators do not have to be in the construction equipment during its use. 
Teleoperation also prevents exposure to typical construction dust, including silica dust that 
causes silicosis, lung cancer, and other respiratory diseases. Additionally, adopting force 
feedback to the teleoperated construction equipment could decrease accidents from 
damaging undergrounded utilities, such as water and sewer pipes, power cables, natural 
gas lines, etc. by recognizing the impact well. Teleoperated motion scaling construction 
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equipment will possibly improve the efficiency of construction work. The addition of 
motion scaling to the heavy construction equipment provides not only the efficient control 
of the equipment but also the dexterous control of the equipment. 
This study introduces a Teleoperated Motion Scaling Robotic Arm (TMSRA) 
platform that allows the human operator to control the motion-mapping rate between the 
master (haptic console) and slave (robotic excavator) devices, while also providing force 
feedback and virtual safety functions to help prevent excessive force application by the 
slave device. This study experimentally evaluated the impact of motion scaling and force 
feedback on human users’ ability to perform simulated construction tasks. Experimental 
results from simulated robotic excavating and demolition tasks show that the maximum 
force applied to fictive buried facilities was reduced by 77.67% and 76.36% respectively 
due to the force feedback and safety function. Experimental results from simulated payload 
pushing/sliding tasks demonstrate that the provision of user-controlled motion scaling 





According to the Bureau of Labor Statistics, the demand for construction equipment 
operators will grow 10 percent from 2018 to 2028 because spending in infrastructure is 
expected to increase [1]. Statista, a German online portal for statistics, reported that private 
construction spending in the U.S. reached around 992 billion USD in 2018. They predict 
that new construction spending reaches over 1.45 trillion USD by 2023, new non-
residential construction spending reaches over 562 billion USD, and new residential 
construction spending reaches over 527 billion USD by 2020 [2]. Large construction 
projects across asset classes typically take 20 percent longer to finish than scheduled and 
are up to 80 percent over budget [3]. Because of higher demand and shortage of equipment 
operators, there is a need for more efficiency of construction work. 
According to the Bureau of Labor Statistics, there are around 150,000 construction 
site accident injuries every year. Although there are many safety precautions, such as soil 
classification, fall protection needs, surface and groundwater, the water table location, and 
underground utilities, mandated by OSHA to protect workers on construction sites, 
accidents can still take workers’ lives. According to the 2018 Damage Information 
Reporting Tool (DIRT) report [4] by Common Ground Alliance, which describes gathered 
data regarding damage and unplanned events from excavation tasks related to buried 
facilities, the estimated number of total damages in the U.S. increased from 439,000 in 
2017 to 509,000 in 2018. Besides accidents on construction sites, construction activities 
generate dust that can cause respiratory dysfunctions [5-7]. According to the Health and 
Safety Executive (HSE) in the United Kingdom, over 500 construction workers are 
believed to die from exposure to silica dust every year [8]. 
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1.1 Motivation 1: High Demand of New Construction 
Figure 1 shows that construction spending in the United States was around 788 
billion USD in 2011 when construction spending reached the lowest level in a decade. 
However, new construction spending in the United States was valued at around 1.29 trillion 
USD in 2018, and the industry is expected to generate around 1.45 trillion USD in revenue 









1.2 Motivation 2: Causes of Accidents on Construction Sites 
There are many direct or indirect causes of accidents on construction sites such as 
falls, impacts by objects, electrocutions, machinery catching workers, etc., so it is 
important to identify the root causes to prevent accidents. According to the DIRT report [4] 
as seen in Figure 2, ‘No notification made to One-Call Center/811’ had the largest portion 
of root cause and it was followed by  ‘Improper excavation practice’, ‘Excavator dug prior 
to verifying marks by test-hole’, and ‘Excavator dug prior to valid start date/time’. 
 




Figure 3 shows root cause groupings by the DIRT report [4], and the ‘Excavating 
Issue’ was the largest part of root cause groups in both 2017 and 2018. Once construction 
is determined and needs excavation for the construction, a notice of intent to dig must be 
made to a local call center. ‘Notification Not Made’ represents damages caused by this step 
not being followed. After the notice, the facility operator or contractor must mark the 
location of the buried facilities accurately and timely. ‘Locating Issue’ captures damages 
where this did not happen. After those two steps, careful excavating must be performed 
when digging near buried facilities. ‘Excavation Issue’ captures damages where something 
went wrong here. ‘Other Notification Issue’ on Figure 3 represents situations where an 811 
notification was made but something about it was invalid. ‘Miscellaneous’ represents 
damages causes that do not fit well into a notification, locating, or excavating category. 
Lastly, ‘Unknown/Other’ captures damages where the root cause was not collected or none 
of the available choices fit. 
 
Figure 3 - Root cause groupings for 2017 and 2018 [4] 
According to Figures 2 and 3, ‘Excavating Issue’ is taking large portions of both 
root cause and root cause groups, and only ‘Excavating Issue’ is directly linked to an 
accident, so it is important to have a solution to reduce the excavating issue. 
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1.3 Motivation 3: Dust on Construction Sites 
On construction sites, there are three major types of dust. First, silica dust is created 
when working on materials, such as soil, sand, granite, stone, brick, and concrete. Second, 
wood dust is created from various types of wood, such as softwood, hardwood and wood-
based products like medium-density fiberboard and plywood. Last, lower toxicity dust is 
created when working on materials that involve gypsum, limestone, marble, and dolomite. 
Additionally, respirable dust generated in construction activities, such as crystalline silica 
and particulates not otherwise specified, causes depressed lung function. Therefore, 
construction workers can be classified as a high-risk group for respiratory diseases [10]. 
According to the OSHA [11], crystalline silica has been classified as a human lung 
carcinogen. Inhalation of crystalline silica dust can cause silicosis, which in severe cases 
can be disabling, or even fatal and there is no cure for silicosis. Based on the above 
information, the construction workers should be protected from the construction dust for 
their health. 
1.4 Potential of Teleoperation with Force Feedback on Construction Sites 
Construction is one of the largest industries in the world, yet also one of the slowest 
to adopt new technology due, in large part, to the prohibitive costs of upgrading heavy 
equipment [12]. However, as global construction demands continue to increase rapidly, the 
industry faces a number of logistical challenges that may only be solvable by the adoption 
of new technology. One of the challenges is equipment transportation and maintenance. 
The relocation and upkeep of heavy machinery across multiple construction sites are time 
consuming and expensive, from an operations management perspective. Another challenge 
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is a shortage of skilled human capital. Construction bandwidth is limited by the availability 
of experienced workers, forcing large delays in projects and reducing profits. One 
continuing challenge is safety in the austere construction environment. New construction 
methods enable more ambitious development projects (i.e. larger buildings and more 
complex environments) but can also increase risks to workers. 
These issues have motivated a strong interest in the development of teleoperated 
construction equipment aimed at improving worker safety, worksite accessibility, and 
operational efficiency for global construction companies. 
There are many efforts in teleoperated construction using excavators to address 
challenges on construction sites. Since 1990, various studies focused on the topic of 
teleoperated excavators have been conducted [16]-[20]. Teleoperated excavators with 
virtual reality technology were developed and implemented to improve task efficiency and 
user control with a visual display consisting of graphical images [21]-[23]. Studies were 
conducted in which force feedback was provided to excavator teleoperators for improved 
contact sensing [24],[25]. The master systems in these studies were good to apply directly 
to the conventional excavators because they use lever-type joysticks. Conventional 
hydraulic joysticks were replaced with several haptic devices to improve the control 
efficiency of unskilled operators [26],[27]. The new haptic devices from these studies 
lowered the barrier to entry because the haptic devices allowed for operators to get used to 
the manipulation method more easily. However, the previous studies did not include the 
motion scaling teleoperation to control the excavators strategically to improve task 
efficiency.  
This study introduces a novel system, a Teleoperated Motion Scaling Robotic Arm 
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(TMSRA), which has the potential to significantly improve the control efficiency of 
teleoperated robotic manipulators, like excavators, by using human-friendly haptic devices 
and motion scaling. With the scaled motion, the teleoperated robot can reach the different 
points in the workspace quickly, but also move slowly and more precisely to avoid 
unexpected damage to objects, which should not be impaired. This system also reduces the 
maximum forces on buried fictive objects representative of water and sewer pipes, power 
cables, and natural gas lines by providing force feedback. It could potentially reduce 
accidents in a real-world application. 
1.5 Thesis Outline  
Chapter 2 introduces the overall design of TMSRA. First, it describes how the 
configuration of the physical robotic arm was determined and what types of end-effectors 
the robotic arm had for this study. Second, the design of the physical robotic arm as a slave 
robot system is introduced, such as the length of links and the number of actuators. Also, 
a haptic device as a master system that controlled the slave robot system is introduced. Last, 
the overall control algorithm to control actuators and the haptic device for the TMSRA 
with force feedback is introduced. 
Chapter 3 describes the motion-scaling teleoperation for the physical robotic arm. A 
velocity control algorithm between the robotic arm and the haptic device that implemented 
both micro-teleoperation and macro-teleoperation is introduced. Furthermore, this chapter 
shows the experimental results to show the effect of motion scaling teleoperation. 
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Chapter 4 describes how paring the TMSRA with force feedback and a safety 
function reduces the maximum forces on buried objects. Moreover, the experimental result 
shows a stark difference between the TMSRA with and without the force feedback. 
Chapter 5 reflects on the full scope of research conducted in this investigation.  It 
describes general observations on the performance of tested systems and aspects to 
improve the system. Additionally, an aim for future work is given to improve work 













 DESIGN OF TELEOPERATED MOTION 
SCALING ROBOTIC ARM (TMSRA) 
The term teleoperation can be defined as the operation of a system remotely located 
from the user [28]. Because a system is remotely controlled, teleoperation is well known 
for its important role in manipulating remote objects using a robotic arm especially in a 
hazardous environment [29]. Teleoperation has been used in different applications, such as 
surgical robotics [30], space robotics [31], search and rescue in disaster sites [32], 
disarming of explosives [33] and nuclear or chemical industry [34]. In the field of surgical 
robotics, the motion scaling teleoperation is widely used to enable the clinician to 
intuitively and accurately control the motion of the slave end-effector [30]. The workspace 
is very limited, so the motion of the slave robot is scaled down. When adopting the motion 
scaling teleoperation to construction sites, both increased and decreased motion scaling 
should be used. Thus, the robot can reach different points in the workspaces quickly using 
increased motion scaling as well as move slowly and more precisely using decreased 
motion scaling to improve the efficiency and quality of work. 
2.1 Types of Construction Heavy Equipment and Attachments of the Excavator 
These days, many types of construction heavy equipment are observed around easily 
in daily life. Construction heavy equipment is used for various purposes, such as paving a 
road, building houses, etc. in large projects. The types of construction equipment include 
excavators, backhoe, dragline excavator, bulldozers, graders, wheel tractor scraper, 
trenchers, loaders, cranes, pavers, compactors, telehandlers, feller bunchers, dump trucks, 
pile boring machine, and pile driving machine. For paving a road, the main types of 
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construction equipment are pavers and compactors. In the case of building construction, 
heavy equipment, such as excavators, cranes, and telehandlers, are chiefly used. 
For this study, the configuration of an excavator (Figure 4) was chosen to test the 
TMSRA with force feedback because excavators were the most commonly used equipment 
on construction sites so that the result of this research could give more contribution to the 
construction industry. Another reason for the choice was that excavators were more 
functional than other types of construction heavy equipment. By simply changing the 
attachment of the excavators, an excavator can perform multiple tasks, such as digging, 
demolition, and compaction tasks so that this study could more contribute to the 
construction industry no matter what the tasks are.  
 
Figure 4 - Caterpillar Small Excavator 311F L RR [35] 
Excavators are capable of using the various attachment as shown in Figure 5. With 
these types of attachment, excavators play an important role in construction sites. For this 
study, a digging bucket and ripper were chosen to test the TMSRA because digging and 
demolition tasks were the representative tasks on construction sites and the mechanism to 
control both types of attachment is the same so that it was easy to test different tasks with 









2.2 Slave Robot System 
2.2.1 Comparison to the Conventional Excavator 
As described in Section 2.2, the configuration of an excavator was selected to test 
the TMSRA with force feedback in this study, so the slave robot system replicated an 
excavator seen in Figure 4. The conventional excavator was too big to perform an 
experiment in an indoor lab, so the physical robotic arm was scaled down from a 
conventional excavator, the Caterpillar 323F L Hydraulic Excavator (Figure 6). This 
hydraulic excavator’s boom length was 5080 mm and the length of the boom on the 
physical robotic arm was 112.3 mm (Figure 7). The physical robotic arm was scaled down 
based on the length of the booms, and the reduction ratio was approximately 45:1. The 
reduction ratio was to match the dimensions of the physical robotic arm with the 
dimensions of a master system approximately to improve the operators’ intuitive. Detailed 
dimensions for the physical robotic arm are shown in Figure 7. 
Most conventional excavators use a hydraulic valve system to move the excavator’s 
boom, arm, and attachment, but this study used servo motors for the physical robotic arm 
to make it simpler and to have better position control. The swing drive and motor’ on the 
excavator (Figure 6) rotate the upper part of the excavator, involving the boom, stick, and 
bucket. The boom cylinder is responsible for moving the boom upward and downward. 
Similarly, the stick cylinder changes the position of the stick upward and downward. Lastly, 
the orientation of the bucket is changed by the bucket cylinder, so the bucket cylinder opens 




Figure 6 - Caterpillar Small Excavator 311F L RR with Part Name [35] 
The slave robotic arm was based on a serial architecture with four revolute joints 
in Figures 7 and 8. It had a 3D-printed base part for an actuator to rotate the upper part of 
the robotic arm and a rotational turntable supported the upper part of the robotic arm. Joint 
hinges for the upper three actuators were obtained from ROBOTIS and all other parts for 
the physical robotic arm were 3D-printed or laser-cut. The slave system was composed of 
an ATI Nano17 sensor mounted between an end-effector and the distal motor. The Nano17 
sensor was a six-axis force/torque sensor to sense force information of the end-effector 
when performing tasks. As described above in Section 2.2, a bucket and ripper were 
selected as end-effector for the slave robotic arm.  
Below, Figures 7 and 8 show the physical robotic arm designed in SolidWorks. 
Similar to the conventional excavator, the robotic arm consists of four revolute joints, 
which mimic the movement of the excavator. The role of motor 1 in Figure 7 is the same 
as the swing drive and motor on the excavator in Figure 6. This motor revolves along the 
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Z-axis in Figure 7 and rotates the upper parts, involving motor 2, motor 3, motor 4, bucket, 
and links between each motor and the bucket in Figure 7. The role of motor 2 and motor 3 
in Figure 7 is the same as the boom cylinder and stick cylinder in Figure 6. Like the bucket 
cylinder in Figure 6, Motor 4 in Figure 7 is opening and closing the bucket for digging 
tasks. For Figure 8, everything is the same as Figure 7, but the bucket is replaced with a 
ripper for the demolition task. The slave robotic arm with the bucket could reach up to 
371.68 mm in the x-axis and y-axis and 533.14 mm in the z-axis. 
 
Figure 7 - Physical Robotic Arm with a Bucket with dimensions 
 




2.2.2 Inverse Dynamics for Motor Selection 
To select the proper motors, it was essential to know the required joint torques to 
move the physical robotic arm from a position to other positions. Inverse dynamics 
calculated the required joint torques when external forces applied to a rigid body [37], [38]. 
In this study, DH parameters [37] were developed first. Then, the inverse dynamics were 
calculated by using the DH parameters and a robotics toolbox for MATLAB by Peter Corke 
[39]. Table 1 shows the DH parameters of the physical robotic arm. In the table, 𝑎𝑖−1 
represents the distance from ?̂?𝑖 to ?̂?𝑖+1  measured along ?̂?𝑖 . and 𝛼𝑖−1 corresponds to the 
angle between  ?̂?𝑖  and ?̂?𝑖+1  measured about ?̂?𝑖 . In addition, 𝑑𝑖  represents the distance 
from ?̂?𝑖−1 to ?̂?𝑖  measured along ?̂?𝑖  and 𝜃𝑖 corresponds to the angle between ?̂?𝑖−1 and ?̂?𝑖  
measured about ?̂?𝑖 .  
Table 1 - DH Parameters of the Physical Robotic Arm 
 
Figure 9 shows the physical robotic arm configuration in MATLAB with 0 for 𝜃 
values based on the DH parameters in Table 1. The pair of blue, green, and red lines 
represent a configuration of a joint. Here, the blue lines represent the axis of rotation of the 
motors. The green lines and red lines represent the direction of the y-axis and the x-axis 
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for each joint, respectively. From the calculations for the inverse dynamics on MATLAB 
by the robotics toolbox, the minimum joint torques for the physical robotic arm to hold the 
configuration like Figure 9 were 0, 0.48 Nm, 0.3340 Nm, and 0.072 Nm, respectively. 
Based on the calculation and consideration of additional external forces for tasks with a 
bucket and a ripper, two kinds of servo motors were selected for the physical robotic arm. 
One was XM540-W150-R (165 g) by ROBOTIS and the other one was XM430-W210-R 
(82 g) by ROBOTIS. The former servo motor was used for the base to rotate the whole 
robotic arm and the latter servo motors were used for all other joints. The stall torque of 
the former was 7.3 Nm at 12 V and the stall torque of the latter was 3.0 Nm at 12 V. These 
torque values were enough to move the robotic arm to the desired position even with some 
external forces were applied to the end-effector.  
Previously, the physical robotic arm was designed with four DC motors, but it was 
changed to Dynamixel servo motors by ROBOTIS because of backlash, weight, and 
resolution. The selected servo motors had many advantages compared to the previous DC 
motors such as modularity, serial chaining, integrated controller, six operating modes, 




Figure 9 - Physical Robotic Arm Configuration with 0 for θ values 
 
2.2.3 Kinematics model 
The DH parameters for the physical robotic arm in Table 1 are then used to compute 




𝐶1𝐶23 −𝐶1𝑆23 𝑆1 𝐶1𝐶23𝐿3 + 𝐶1𝐶2𝐿2
𝑆1𝐶23 −𝑆1𝑆23 −𝐶1 𝑆1𝐶23𝐿3 + 𝑆1𝐶2𝐿2
𝑆23 𝐶23 0 𝑆23𝐿3 + 𝑆2𝐿2 + 𝐿1
0 0 0 1
] 
Where 𝐶1 represents cos (𝜃1), 𝐶23 represents cos (𝜃2+ 𝜃3), 𝐿1 is 166.21 mm, 𝐿2 is 11.23 
mm, and 𝐿3 is 14.23mm.  
The first three entries of the last column in 𝑇4
0  represent the position of the end-effector in 
Cartesian coordinates with respect to the base of the physical robotic arm.  
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𝑥 = 𝐶1𝐶23𝐿3 + 𝐶1𝐶2𝐿2 (1) 
𝑦 = 𝑆1𝐶23𝐿3 + 𝑆1𝐶2𝐿2 (2) 
𝑧 = 𝑆23𝐿3 + 𝑆2𝐿2 + 𝐿1 (3) 
For the inverse kinematics, the position coordinates equations (1), (2) and (3) are used to 
calculate the analytical expressions of the rotational angles (i.e. 𝜃1, 𝜃2 and 𝜃3) as a function 
of the desired x, y, and z coordinates. The derivation of the inverse kinematic equations is 
summarized as follows: 





𝑥2 + 𝑦2 + 𝑧2 − (𝐿1
2 + 𝐿2
2 + 𝐿3
2) − 2𝐿1(𝑧 − 𝐿1)
2𝐿2𝐿3
 (5) 
𝑆3 = ±√1 − 𝐶3
2 (6) 




𝜃2 = 𝑎𝑡𝑎𝑛2 [
(𝑧 − 𝐿1)(𝐶1 − 𝑆1)
(𝑥 − 𝑦)




2.2.4  Dynamics Model 
The physical robotic arm was scaled down from a real excavator, so it important to 
know the dynamics model of the scaled manipulator. The dynamics equation is as follows:  
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𝜏 = 𝑀(𝑞)?̈? + 𝐶(𝑞, ?̇?)?̇? + 𝑔(𝑞) (9) 
Where 𝑀(𝑞) represents the inertial terms according to the mass distribution, 4 × 4 Matrix,  
𝐶(𝑞, ?̇?)  represents the centrifugal-force/Coriolis-force terms, 4 × 4  Matrix, and 𝑔(𝑞) 
represents the gravitational term, 4 × 1 Matrix, as follows.  
[
𝑀(1) 𝑀(2) 𝑀(3) 𝑀(4)
𝑀(5) 𝑀(6) 𝑀(7) 𝑀(8)
𝑀(9) 𝑀(10) 𝑀(11) 𝑀(12)
𝑀(13) 𝑀(14) 𝑀(15) 𝑀(16)
] ,  
[
𝐶(1) 𝐶(2) 𝐶(3) 𝐶(4)
𝐶(5) 𝐶(6) 𝐶(7) 𝐶(8)
𝐶(9) 𝐶(10) 𝐶(11) 𝐶(12)








The information of the moment of inertia is taken from SolidWorks and the unit is 
gram∙square millimeters. All details for the matrices components are available in Appendix 
A. 
2.3 Master System 
The TMSRA requires a master system to control the slave system, the physical 
robotic arm. In this study, 3D Systems 𝑇𝑜𝑢𝑐ℎ𝑇𝑀 Haptic Device by Sensable Technologies 
was used as the master system. According to previous studies [26],[27], using haptic 
devices instead of conventional hydraulic joysticks improved the control efficiency and 
intuition. This study used the haptic device to improve the control efficiency and intuition 
of operators, and the haptic device has enough joints to control the slave robotic 
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manipulator. This haptic device was based on a serial architecture with six DOF. The 
workspace of the haptic device was 16 cm × 12 cm × 7 cm (W × H × D) and provided 
force feedback up to 3.3 N. The nominal position resolution was around 0.055 mm. The 
haptic device was used by grasping the stylus as a pen and moving the stylus in desired 
directions and speed. Figure 10 represents how each joint rotated. The described joint 
movements in the upper part of Figure 10 were responsible for movement in X, Y, and Z. 
Additionally, the joints described in the lower part of Figure 10 allowed the movement of 
pitch, roll, and yaw. In this study, a human operator used the joint movements of Encoder 
X, Encoder Y, and Encoder Z, which can be seen in the upper part of Figure 10, to change 
the position of the slave system. Additionally, the operator used the joint movement of 
Gimbal Y in the lower part of Figure 10 to open and close the end-effector of the slave 
system, which is either a bucket or ripper in this study. For the conventional excavator, it 
is not necessary to control the orientation of the attachment because the bucket is only 
opening and closing, so the Gimbal X and Gimbal Z were not used in this study. To control 
an excavator that has a rotating coupler, the Gimbal X and Gimbal Z would be necessary 








2.4 Overall System Diagram 
2.4.1 TMSRA System Diagram 
The TMSRA is a bidirectional closed-loop control type and consists of two parts, 
namely, the master system and the slave system as seen in Figure 11. In this study, the 
slave system replicates the movements of an excavator’s arm. The master system provides 
velocity information for each joint to the slave system. The slave system processes the 
velocity information based on the motion scaling factor to mimic the movements of the 
master system. A slave system, a four DoF robotic arm, is remotely controlled by a master 
system, 3D Systems Touch Haptic Device by Sensable Technologies. This haptic device 
has a pen-like stylus that a user can hold and move through the air to change the position 
of the physical robotic arm. The motion scaling factor is determined by the status of the 
buttons on the stylus of the master system. The refresh rate of the master system, the slave 
system, and the force/torque sensor is 1 kHz. The delay from the master system is 1000 
microseconds. The delay from actuators on the slave system is 80 microseconds and the 
data transmission delay for Nano17 with the sampling rate of 1 kHz is 2000 microseconds. 
Considering all the data transmission in the system, the overall latency in the system is 
around 0.009 seconds. The time-delay is relatively smaller than the threshold of time-delay, 
1.5 seconds. According to a study [41], the threshold of time-delay which is affected to 
task completion time is beyond 1.5 seconds.  
Motion-scaled control is applied to the teleoperation system so that it allows the 
better efficiency and accuracy of work. The motion-scaled teleoperation allows for a 
modifiable motion ratio between the haptic device and the physical robotic arm in real-
time. With the 1:1 motion scaling, the physical robotic arm travels 1cm along the x-axis if 
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the haptic device travels 1 cm along the x-axis. When the motion scaling is 2:1, the physical 
robotic arm travels two times the distance of the movement of the haptic device. Similarly, 
when the motion scaling is 0.5:1, the physical robotic arm travels half the distance of the 
movement of the haptic device. 
 Force feedback is applied to the TMSRA to provide the operator force feedback 
when the end-effector of the physical robotic arm hits an object. The ATI Nano17 sensor 
provides force/torque information to the haptic device. When the force/torque information 
is received on the haptic device, the haptic device activates its actuators to represent the 
force information so that the human operator can get force feedback. Once the force 
information is sent from the force/torque sensor, the magnitude of the force information is 
reduced to protect the operators. The force values from simulated construction tasks, such 
as excavating or demolition, are too big for the operators to hold the stylus of the haptic 
device, so it should be reduced. 
 





2.4.2 Basic Information for ROS 
For the TMSRA, the Robot Operating System (ROS) platform was used. ROS is an 
open-source software platform that contains numerous contributions from around the world. 
The philosophy of ROS is to make software easily for other robots by changing little in the 
code [42]. There are several significant terms specified in ROS, such as nodes, messages, 
and topics. The ROS master is the core of ROS because it provides name registration. 
Nodes are not able to find each other and exchange messages without the ROS master. In 
ROS, most functionality is divided into numerous pieces that communicate with each other 
using messages, where each piece is called a node. Nodes run as a separate process and 
communicate with each other by passing messages. Here, the message is simply a data 
structure, including typed fields. A node sends out a message by publishing it to a 
designated topic. The topic is a name that is used to identify the content of the message. A 
node that is concerned with a certain kind of data will subscribe to the appropriate topic. A 
single node may publish or subscribe to multiple topics. Also, there may be multiple 
concurrent publishers and subscribers for a single topic. One more significant term for ROS 
is a ROS package. A ROS package contains ROS nodes and a ROS-independent library, a 
dataset, configuration files and so on. 
2.4.3 System Architecture 
The teleoperation system was run on a Linux machine (Ubuntu 16.04). In this study, 
three ROS packages and five nodes were used to integrate the master system with the slave 
system. The key packages for this study were the PhantomOmni package [43] for the 
master system and the Dynamixel workbench package [44] for the slave system. As 
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described above, ROS is an open-source software platform so the packages for the haptic 
device and the Dynamixel motors were downloaded from open sources and modified for 
this study. The PhantomOmni package [43] provided the position, velocity, and 
acceleration information of the haptic device for each joint and the status of buttons of the 
stylus in real-time. Additionally, it also contained a piece of code to activate the first three 
actuators of the haptic device to transfer force information from the force/torque sensor to 
the human operator. The Dynamixel workbench package [44] was provided by ROBOTIS, 
the manufacturer of the Dynamixel servo motors for the physical robotic arm. This package 
was used to actuate motors based on the velocity information from the haptic device in this 
study. One more package from the open-source software platform was the package for the 
force/torque sensor [45]. These packages could not work for teleoperation when it solely 
existed without nodes to integrate each other, so four nodes were created to provide and 
receive required information with each other. 
Figure 12 shows how packages communicate with each other. The circle represents 
nodes, the rectangle represents topic messages, and the names with omniEthernet are for 
the haptic device. The haptic device provided its velocity and button state information 
using the node and topic messages. The haptic device received the force information from 
the Nano17 sensor to represent force feedback by activating its actuators. At first, the 
velocity information and button status were delivered to the pose_info to make motor 
commands. For the motion scaling teleoperation, the velocity information was modified 
based on the motion scaling factor. The information on the button status was delivered to 
the pose_info node through the omniEthernet/button_state topic. The modified velocity 
information for each joint was sent to the general_velocity_control by using the 
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cmd_joint_vel topic message to actuate the motors. While the motor commands were 
processed, the netft_data provided the force information to the pose_info for a safety 
function. Also, netft_data provided force information to the forcefeedback node. The node 
modified the magnitude of the force information based on a predefined scaling factor and 










 MOTION SCALING TELEOPERATION 
3.1 The Usefulness of Motion Scaling Teleoperation 
As described in Chapter 2, motion scaling teleoperation allows changing the motion 
ratio between the master system and the slave robot system. Many tasks require 
manipulation in spaces too constrained or dangerous for human operation. In such cases, 
teleoperated robotic manipulators play an important role [46]. When we handle small scale 
objects in a limited space, the work cannot be done in an easy manner because we cannot 
see the whole target well [47]. From the above facts, it has been shown that having a 
teleoperated motion scaling robotic manipulator is critical to the precision and efficiency 
of work in various types of work environments for non-repetitive tasks. A proper interface 
allows for motion scaling: easy-to-perform macroscopic movements at the master’s 
console are scaled-down in a micro-scale environment. Such systems can be used for 
microsurgery and lab work involving minuscule parts. In a macro-scale environment, this 
whole system can contribute to construction by having an end-effector for digging such as 
at different scaling environments [48] and it will make for less dangerous construction sites. 
On construction sites, both micro-teleoperation and macro-teleoperation are required 
because heavy construction equipment needs careful control when performing given tasks, 
such as dealing with an object in a macro-scale environment. For instance, an excavator 
moves its arm to the workspace to perform tasks. In this case, the excavator arm would be 
controlled by macro-teleoperation so that the excavator arm could reach the desired 
position in the workspace faster than with 1:1 motion scaling. When the excavator’s arm 
reaches the desired position, it starts to work the given missions. When performing the 
given tasks by manipulating the attachment of the excavator, micro-teleoperation allows 
 
 29 
for dexterous control. By combining micro-teleoperation and macro-teleoperation for the 
construction equipment, it would give many advantages to the construction industry. It 
would be expected that motion scaling teleoperation would contribute to the construction 
industry in terms of better efficiency and better accuracy. 
3.2 Motion Scaling Teleoperation in the TMSRA 
The TMSRA was designed to change the motion scaling between the haptic device 
and the physical robotic arm for efficient and better control during operation. In this study, 
three types of motion scaling were tested: 1:1 motion scaling, 0.5:1 motion scaling, and 2:1 
motion scaling. First, the 1:1 motion scaling was tested to see whether the physical robotic 
arm mimicked the movements of the haptic device well or not. The 1:1 motion scaling 
between the master system and the slave system was the baseline motion scaling for the 
teleoperation. The other motion scalings were modified from the 1:1 motion scaling so it 
was important to have a reliable 1:1 mapping movement between the master system and 
the slave system. Second, the 0.5:1 motion scaling was tested to see if the TMSRA could 
be used for micro-teleoperation. Micro-teleoperation allowed for a human operator to 
control the device delicately even though the operator’s manipulation was rough. Third, 
the 2:1 motion scaling was tested to see if the TMSRA could be used for macro-
teleoperation. When the TMSRA performed a task in a large simulated environment, the 
macro-teleoperation helped the operator to move the TMSRA faster with less movement. 
On construction sites, both micro-teleoperation and macro-teleoperation would be useful 




3.2.1 Limitation of Position Control Algorithm for Motion Scaled Teleoperation 
In this study, two control algorithms were tested for the TMSRA to implement the 
motion scaled teleoperation. One was a position control algorithm and the other was a 
velocity control algorithm. At first, the TMSRA with the 1:1 motion scaling was tested 
with only the position control algorithm. The haptic device provided its end-effector’s 
absolute position information to a PC. The PC calculated the required joint displacements 
of the physical robotic arm for the first three joints to move to the same position as the 
haptic device based on inverse kinematics. After that, the PC sent the calculated joint 
position information to the servo motors on the physical robotic arm. The end-effector’s 
position information of the haptic device was directly sent to the actuator for the end-
effector of the physical robotic arm. Basically, the inverse kinematics determines the first 
three joints’ displacements when the end-point position is given [37].  
The position control algorithm worked well with a 1:1 motion scaling, but the 
position control algorithm did not work for modifiable motion scaling because the position 
control algorithm used the absolute position information of the haptic device to control the 
physical robotic arm. The physical robotic arm did not stay at the current position when 
the motion scaling was changed even though the haptic device remained in the same 
position. Let’s imagine the situation that both the haptic device and the physical robotic 
arm are at the position of (1, 1, 1) in the Cartesian coordinates. The haptic device keeps the 
same position, but the motion scaling changes from 1:1 to 2:1. In this case, the physical 
robotic arm is supposed to keep the same position because the haptic device keeps the same 
position. However, the physical robotic arm actually moves to (2, 2, 2) in the Cartesian 
coordinates even though the haptic device does not move at all. It was because the desired 
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position was changed by the motion scaling factor. The desired position was multiplied by 
2, which was the amount of the motion scaling factor, and the inverse kinematics was 
calculated based on the modified desired position. In other words, the calculated joint 
angles based on the inverse kinematics was for the position of (2, 2, 2), not the position of 
(1, 1, 1) in the Cartesian coordinates. Because of this reason, the physical robotic arm did 
not remain in the current position when the motion scaling changed without movement of 
the haptic device.  
Besides this issue, the position control had one more issue for the workspace. With 
the position control, the workspace of the slave robot system was limited to the workspace 
of the master system because the position control used the absolute position information of 
the haptic device to control the physical robotic arm. Even though the physical robotic arm 
had a wider workspace than the workspace of the haptic device, the master system could 
not be manipulated beyond its workspace, so the slave system was not able to be controlled 
remotely beyond the workspace of the haptic device. 
3.2.2 Velocity Control Algorithm  
The velocity control algorithm resolved the described issues of the position control 
algorithm above. The velocity control algorithm did not use the absolute position 
information but used the real-time velocity information of the haptic device. Thus, 
changing only the motion scaling did not affect the position of the physical robotic arm. 
Specifically, the haptic device provided velocity information of each of its joints to the PC, 
and then the PC sent the velocity commands to the servo motors with the 1:1 motion scaling. 
The servo motors for the slave system rotated with the same velocity for the same amount 
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of time as each joint of the haptic device. Both the haptic device and the physical robotic 
arm traveled the same distance. For the 2:1 or 0.5:1 motion scaling, the PC multiplied the 
velocity information by 2 or 0.5 so that the physical robotic arm traveled two times or half 
the distance of the haptic device based on the following equation (11).  
 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 × 𝑇𝑖𝑚𝑒 (10) 
The velocities of the robotic arm joints were commanded as  
 𝑉𝑟 = 𝐽
−1𝑉ℎ𝜂 (11) 
 







−𝑆1(𝐿1𝐶2 + 𝐿3𝐶23) −𝐶1(𝐿2𝑆2 + 𝐿3𝑆23) −𝐿3𝐶1𝑆23
𝐶1(𝐿2𝐶2 + 𝐿3𝐶23) −𝑆1(𝐿2𝑆2 + 𝐿3𝑆23) −𝐿3𝐶1𝑆23
0 𝐿2𝐶2 + 𝐿3𝐶23 𝑎3𝐶23
0 𝑆1 𝑆1
0 −𝐶1 −𝐶1







where 𝐽−1 is the inverse of the manipulator Jacobian matrix, 𝑉ℎ  is the velocities of the 
haptic device joints, and 𝜂 is the scaling factor between the master and slave system. 
The limited-workspace issue seen with the position control algorithm was resolved 
by utilizing two buttons on the stylus of the haptic device (Figure 13). When pressing both 
the white and the grey buttons on the stylus, the slave system did not follow the movement 
of the master system, so that a human operator could move the stylus of the master system 
to a more convenient location. This is analogous to the way a computer mouse can be lifted 
from the surface to move the computer mouse to a more convenient location. With this 
function, the physical robotic arm could move beyond the workspace of the haptic device, 




Figure 13 - Buttons on the Stylus of the Haptic Device [49] 
 
Figure 14 shows the pseudo-code of the velocity control algorithm for the TMSRA. 
With this algorithm, the TMSRA was able to work for modifiable motion scaled 
teleoperation. As described in Figure 14, the inputs for this algorithm were the button status 
of the haptic device and real-time velocity information of the haptic device for each joint. 
It determined the motion scaling factor and ‘mode’ at first based on the status of the buttons. 
The motion scaling factors were set for 1, 2, and 0.5 in this study. The ‘mode’ determined 
whether the physical robotic arm would follow the movement of the haptic device or not. 
The motion scaling factor was 1 when both the white and grey buttons were not pressed. 
The motion scaling factor was 2 with pressed the grey button and 0.5 with pressed the white 
button. For these cases, the ‘mode’ was 0, and it allowed for the physical robotic arm to 
mimic the master’s movements based on the motion scaling factors. The only exception 
was when both the white and grey buttons were pressed. In this case, the ‘mode’ was 1, 
and the physical robotic arm never moved even though the human operator manipulated 
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the haptic device. The real-time velocity information of the haptic device was multiplied 
by 0. The calculated values were the velocity commands to the servo motors on the physical 
robotic arm. The velocity commands to the motors were 0 and the physical robotic arm did 
not move when the ‘mode’ was 1. For the ‘mode’ of 0, the determined motion scaling factor 
was multiplied by the real-time velocity information of the haptic device for each joint.  
For example, if the human operator kept the white button pressed while manipulating the 
stylus, the motion scaling factor changed to 0.5 and the physical robotic arm traveled only 
half of the travel distance of the stylus. Then, if the human operator released the white 
button, the motion scaling would change back to 1:1. In this way, the human operator could 










3.3 Experimental Setting for Motion Scaling Teleoperation 
3.3.1 Hypothesis 
The experiment for motion scaling teleoperation was performed to see the effect of 
motion scaling teleoperation. The major hypothesis for this experiment was that task 
completion time would be reduced when utilizing motion-scaled control. Additionally, 
motion scaling teleoperation would allow for delicate control so that the task completion 
time for tasks that required delicate control would be more reduced.  
3.3.2 Study Protocol for Motion Scaling Teleoperation 
The experiment required subjects to interact with the haptic device. 10 human 
subjects were given the task to manipulate the stylus of the haptic device to make the 
physical robotic arm move a small piece of plastic to Pos 1, Pos 2, and Pos 3 separately as 
seen in Figure 15. Initially, subjects were provided 15 minutes to familiarize themselves 
with the system so that the task time did not improve over trials.  
In the first round of the test, the tasks were performed with the three target positions, 
Pos 1, Pos 2, and Pos 3, having a surface area of 2.5 𝑐𝑚2, but without the motion scaling. 
The subjects performed the task 10 times for each position. During this experiment, the 
time that was required to fit the small piece of plastic into Pos 1, Pos 2, and Pos 3, 
respectively, was recorded. In the second round, the human subject was allowed to use the 
motion scaling to control the physical robotic arm for the same task as the first round of 
the test with the position surface area of 2.5 𝑐𝑚2. In the third round, the same tasks were 
performed with the three target positions having a surface area of 3.0 𝑐𝑚2, but without the 
motion scaling. In the fourth round, the human subject allowed to use the motion scaling 
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for the same tasks with a position surface area of 3.0 𝑐𝑚2. At the end of the four rounds, 
the human subject had performed 120 trials.  
Figure 15 shows the experimental setup to demonstrate motion scaling teleoperation 
of the TMSRA. For the initial configuration of the test, the physical robotic arm was placed 
on the space marked “ROBOT”, while the bucket was placed on “Bucket Position” in 
Figure 15. A 2 𝑐𝑚3 cube of plastic was placed on “Piece” at the beginning of the test. There 
were three target positions, each progressively farther from the robot base. Pos 1 was 
placed on the same line as the “Piece” on the board, and it was the closest position for the 
physical robotic arm to move the small piece of plastic to. However, because the robotic 
arm moved in an arc, not in a straight line, it was not possible for the physical robotic arm 
to just move along the line to put the small piece of plastic into Pos 1. Pos 2 was not on the 
same line as the Piece, and this target position was determined to have a more difficult 
position to get than the Pos 1. Lastly, Pos 3 was the farthest target position, and the physical 
robotic arm needed to be almost fully extended to move the small piece of the plastic to 




Figure 15 - Experimental Setting for Motion Scaling Teleoperation 
 
3.3.3 Data Analyzing Method 
As mentioned above, the time that was required to fit the small piece of plastic into 
Pos 1, Pos 2, and Pos 3, respectively, was recorded. To see the effect of the motion scaling 
teleoperation, the recorded task completion time was compared between the first round of 
test and the second round of the testTo see the effect of the motion scaling teleoperation, 
the recorded task completion time was compared between the first round of test and the 
second round of the test and between the third round of test and the fourth round of the test. 
The recorded task completion time between  The recorded task completion time between 
the first two rounds of the test and the last two rounds of the test was compared to see the 
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effect of motion scaling teleoperation for was compared to see the effect of motion scaling 
teleoperation for precise control.  control. The difference between the first two rounds of 
the test and the last two rounds of the test was the surface area of target positions: 2.5 𝑐𝑚2 
and 3 𝑐𝑚2. The diagonal length of the small piece of plastic was 2.83 cm so having two 
different surface areas demonstrated the utility of motion scaling for precise control. The 
small piece of plastic should, in theory, be difficult to fit into the surface with the area of 
2.5 𝑐𝑚2 because the diagonal length was larger than a side of the surface. The side of the 
small piece of plastic should be almost parallel to the side of the surface for the small piece 
of plastic to be fitted into the surface. On the other hand, the small piece of the plastic 
should be easier theoretically to fit into the surface with the area of 3 𝑐𝑚2 no matter what 
the configuration of the small piece of the plastic was.  
Another difference between tests one and two and between tests three and four was 
the existence of the motion scaling. Comparing those cases should provide enough data to 
determine if the motion scaling improves the efficiency of work. 
3.3.4 Expected Experimental Results 
The task completion time was expected to be reduced when using the motion scaling 
teleoperation. The effect of the motion scaling teleoperation was expected to be observed 
by comparing the experimental results between tests one and two and between tests three 
and four. Also, the bigger effect of motion scaling teleoperation was expected for the tasks 
that required delicate control. This would be observed by comparing the reduction rate of 




3.4 Experimental Result of Motion Scaling Teleoperation with the TMSRA 
Figures 16-27 shows the average task time data with error bars for the maximum task 
time and the minimum task time or standard deviation for position 1, position 2, and 
position 3 with the surface area of 3.0 𝑐𝑚2 and surface area of 2.5 𝑐𝑚2 over 10 trials. The 
error bars were acquired by subtracting the average task time from the maximum and 
minimum task time from 10 subjects for each trial. These time data graphs showed that the 
task time was not decreasing over trials because enough practice was given to the subjects 
before the actual experiments to control the other factor that could affect the data.  
The data in figure 16 shows the average task time for position 1 and the surface area 
of 3.0 cm2 among 10 subjects over trials without and with motion scaling. The ranges of 
the average task time without and with motion scaling are between 26.30 seconds and 31.40 
seconds and between 13.52 seconds and 20.50, respectively. The maximum task time and 
the minimum task time without motion scaling were 77.78 seconds and 3.99 seconds, 
respectively. The maximum task time and the minimum task time with motion scaling were 
43.26 seconds and 3.78 seconds, respectively. 
Figure 17 shows the average task completion time with standard deviation for 
position 1 and the surface area of 3.0 cm2. The average standard deviation over 10 trials 





Figure 16 - Average Task Completion Time for Position 1 and Surface Area of  
3.0 𝒄𝒎𝟐 over trials 
 
Figure 17 - Average Task Completion Time with Standard Deviation for Position 1 




Figure 18 shows the average task time for position 2 and the surface area of 3.0 cm2 
among 10 subjects over trials without and with motion scaling. The ranges of the average 
task time without and with motion scaling are between 38.23 seconds and 47.61 seconds 
and between 24.12 seconds and 29.50 seconds, respectively. The maximum task time and 
the minimum task time without motion scaling were 78.04 seconds and 15.93 seconds, 
respectively. The maximum task time and the minimum task time with motion scaling were 
60.45 seconds and 8.45 seconds, respectively. 
Figure 19 shows the average task completion time with standard deviation for 
position 2 and the surface area of 3.0 cm2. The average standard deviation over 10 trials 





Figure 18 - Average Task Completion Time for Position 2 and Surface Area of  
3.0 𝒄𝒎𝟐 over trials 
 
 
Figure 19 - Average Task Completion Time with Standard Deviation for Position 2 




Figure 20 shows the average task time for position 3 and the surface area of 3.0 cm2 
among 10 subjects over trials without and with motion scaling. The ranges of the average 
task time without and with motion scaling are between 39.31 seconds and 58.29 seconds 
and between 27.71 seconds and 38.95 seconds, respectively. The maximum task time and 
the minimum task time without motion scaling were 113.71 seconds and 13.23 seconds, 
respectively. The maximum task time and the minimum task time with motion scaling were 
74.50 seconds and 5.28 seconds, respectively. 
Figure 21 shows the average task completion time with standard deviation for 
position 3 and the surface area of 3.0 cm2. The average standard deviation over 10 trials 





Figure 20 - Average Task Completion Time for Position 3 and Surface Area of  
3.0 𝒄𝒎𝟐 over trials 
 
 
Figure 21 - Average Task Completion Time with Standard Deviation for Position 3 




Figure 22 shows the average task time for position 1 and the surface area of 2.5 cm2 
among 10 subjects over trials without and with motion scaling. The ranges of the average 
task time without and with motion scaling are between 54.59 seconds and 83.40 seconds 
and between 28.81 seconds and 37.38 seconds, respectively. The maximum task time and 
the minimum task time without motion scaling were 180 seconds and 12.28 seconds, 
respectively. The maximum task time and the minimum task time with motion scaling were 
88.10 seconds and 3.20 seconds, respectively. 
Figure 23 shows the average task completion time with standard deviation for 
position 1 and the surface area of 2.5 cm2. The average standard deviation over 10 trials 





Figure 22 - Average Task Completion Time for Position 1 and Surface Area of  
2.5 𝒄𝒎𝟐 over trials 
 
Figure 23 - Average Task Completion Time with Standard Deviation for Position 1 




Figure 24 shows the average task time for position 2 and the surface area of 2.5 cm2 
among 10 subjects over trials without and with motion scaling. The ranges of the average 
task time without and with motion scaling are between 52.66 seconds and 104.93 seconds 
and between 36.08 seconds and 50.74 seconds, respectively. The maximum task time and 
the minimum task time without motion scaling were 225.21 seconds and 21.43 seconds, 
respectively. The maximum task time and the minimum task time with motion scaling were 
84.10 seconds and 9.43 seconds, respectively. 
Figure 25 shows the average task completion time with standard deviation for 
position 2 and the surface area of 2.5 cm2. The average standard deviation over 10 trials 





Figure 24 - Average Task Completion Time for Position 2 and Surface Area of  
2.5 𝒄𝒎𝟐 over trials 
 
Figure 25 - Average Task Completion Time with Standard Deviation for Position 2 




Figure 26 shows the average task time for position 3 and the surface area of 2.5 cm2 
among 10 subjects over trials without and with motion scaling. The ranges of the average 
task time without and with motion scaling are between 83.68 seconds and 127.70 seconds 
and between 42.92 seconds and 58.85 seconds, respectively. The maximum task time and 
the minimum task time without motion scaling were 264.17 seconds and 24.86 seconds, 
respectively. The maximum task time and the minimum task time with motion scaling were 
120.13 seconds and 13.90 seconds, respectively. 
Figure 27 shows the average task completion time with standard deviation for 
position 3 and the surface area of 2.5 cm2. The average standard deviation over 10 trials 





Figure 26 - Average Task Completion Time for Position 3 and Surface Area of  
2.5 𝒄𝒎𝟐 over trials 
 
 
Figure 27 - Average Task Completion Time with Standard Deviation for Position 3 




Below, Figure 28 shows the average completion time among 10 subjects for the 
third and fourth rounds of the test. The average completion time for the third round of tests 
was 29.19, 42.61 and 49.01 seconds, respectively. The average completion time for the 
fourth round of the test was 17.80, 27.77, and 33.71 seconds, respectively. Figure 29 shows 
the average completion time for the first and second rounds of the test. The average 
completion time for the first round of tests was 67.15, 90.20, and 107.15 seconds, 
respectively. The average completion time for the second round of tests was 35.29, 44.21 
and 51.97 seconds, respectively. The difference between the black dots and the golden dots 
for each position showed the effect of the motion scaling. The percentage decrease in 
completion time for the task with the larger area was 39.71%, 35.02%, and 31.41% for 
position 1, position 2, and position 3, respectively. The percentage decrease in task time 
for the task with the smaller area was 44.80%, 44.66%, and 47.76% for position 1, position 




Figure 28 - Average Task Completion Time with Surface Area of 3.0 𝒄𝒎𝟐 
 
 




 FORCE FEEDBACK 
4.1 The Usefulness of Force Feedback 
As the number of using teleoperation increases in remote and hazardous 
environments and the field of surgical robotics, researchers keep trying to improve the 
human capabilities for the remote manipulation of equipment. One of the efforts is 
providing the necessary information to a human operator for the interaction with the remote 
location. In this context, a haptic interface helps a human operator to interact with the 
remote environment through tactile feedback. Haptics could be defined as the field of 
experiencing and creating touch sensations in human operating mechanical devices [50]. 
Haptic teleoperation provides telepresence by allowing a human operator to control a slave 
robot remotely through a master device and to perceive the remote environment [51]. The 
empirical evaluations that have followed show that providing force feedback in 
teleoperation improves task completion times [52] and task accuracy [53], [54].  
Haptic interaction between a human operation and a robotic arm through force 
feedback could decrease many accidents on construction sites if implemented on 
construction equipment. As discussed in Chapter 2, excavating near buried facilities is the 
biggest part of the root cause of construction accidents. By applying force feedback to the 
construction heavy equipment, it would be expected to prevent many accidents relating to 
excavation work in advance. If a human operator of the construction equipment hit buried 
facilities by mistake during digging or demolition tasks, the buried facilities under the 
construction site would be damaged. According to an article [55], the buried facilities 
include sanitary and storm sewers, underdrain, water, natural gas, oil, telephone, fiber optic, 
cable television, traffic signal, electric power, process piping, steam lines and more. If the 
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excavation work damages the underground facilities, it would result in a range from an 
inconvenience to a catastrophe. Damaged a telephone conduit and water or sewer main 
would bring a lot of inconveniences and breaking a pressurized gas main could fuel an 
explosion and fire large enough to destroy an entire neighborhood [56]. Force feedback 
could play an important role in preventing underground utilities from being damaged by 
excavation and demolition tasks. When teleoperated construction equipment with force 
feedback makes contact with the buried facilities, human operators could recognize the 
impact right away and they could take proper action not to damage the facilities. Because 
of this reason, force feedback would be very useful on construction sites. 
4.2 Force Feedback with the TMSRA 
The TMSRA was designed to transmit force information from the end-effector of the 
physical robotic arm to the haptic device. Due to the force feedback, human operators could 
realize what happened on the end-effector of the physical robotic arm. Thus, the human 
operator could take the proper action to finish the work successfully without incident. 
Additionally, the safety function protected the facilities even though the operators 
did not take proper action not to damage the facilities. The safety function was actuated 
when the force value of the end-effector of the robotic arm was above the threshold value. 
It made the entire system immediately stop and rotated the distal actuator in the reverse 
direction a little bit not to apply external force anymore on the pipe.  
In this study, the magnitude of force feedback was decreased intentionally from the 
force information of Nano17 because the applied force on the pipe was too large. When 
the same magnitude of the applied force was transmitted to the operators, they could not 
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hold the stylus of the haptic device well. The force information from the Nano17 was 
divided by a reduction ratio of 30 to decrease the magnitude of force feedback. Then, the 
modified value was sent to the haptic device to represent force feedback to the operators.  
In this study, the marked force direction to the end-effector of the physical robotic 
arm in Figure 30 was more important than the other direction of the force. The reason was 
that the fictive buried objects of the simulated experimental setting were placed 
perpendicular to the end-effector in this study. When the end-effector touched a fictive pipe, 
the force value for the marked direction was sharply increased.  
According to a study, haptic feedback latency below 30-50 milliseconds is generally 
perceived as instantaneous [57]. As introduced in Section 2.4.1, the total time delay in the 
system was around 9 milliseconds. The latency in the system was enough to facilitate haptic 
transparency so the system did not impede the flow of the work.  
 




Figure 31 shows pseudo-code for the safety function. Though the Nano17 transmitted 
the force information for all axes, the only force information for the z-axis was referred for 
the safety function. When the absolute force value of the force information for the z-axis 
was above ‘value’, the distal joint for the end-effector rotated in the reverse direction not 
to exceed the ‘value’. As a result, the end-effector of the robotic arm could not apply 
excessive force on the pipes. The refresh rate between the Nano17 and the motors was 1 
kHz so that the distal joint rotated in the reverse direction with very low response time. 
 





4.3 Experimental Setting for the TMSRA with Force Feedback 
4.3.1 Hypothesis 
The major hypothesis for the experiment of force feedback was that the maximum 
force value applied to an object would be reduced when force feedback was available. The 
operators of the TMSRA could recognize the impact well due to force feedback. 
Additionally, the maximum force value would be reduced more when both force feedback 
and a virtual safety function were available. The virtual safety function help prevent 
excessive force application by the slave device. 
4.3.2 Study Protocol for the TMSRA with Force Feedback 
The subjects manipulated the haptic device to dig perlite from a box and move it to 
another box for four different tests to see the effect of force feedback. The first test was 
performing the digging task without force feedback and buried plastic bars five times. 
Except for the first test, the holes on the side of the box as seen in Figure 34 were used to 
fix three plastic bars. The plastic bars under perlite to act like unforeseen obstacles for the 
operator. The second test was performing the digging test with three buried plastic bars and 
without haptic feedback five times. The third test was performing the digging test with 
three buried plastic bars and haptic feedback five times. The last test was performing the 
digging test with three buried plastic bars, haptic feedback, and safety function five times. 
During this experiment, the force value at the end-effector of the robotic arm was recorded. 
The next experiment was the demolition task with a ripper, a common end-effector used 
on construction equipment. Similarly, the force value at the end-effector of the robotic arm 
was recorded. For the demolition experiment, four different tests were conducted, similar 
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to the excavating experiment. However, the subjects manipulated the haptic device to crush 
moist sand (Figure 33). For the demolition trial, the subjects tried to crush the moist sand 
five times for each test. 
 
Figure 32 - Perlite with Plastic Bars 
 
Figure 33 - Sand with Plastic Bars 
 




4.3.3 Data Analysing Method 
During the simulated excavating and demolition tests, the force information of the 
end-effector was recorded. Then, the maximum force value of each trial was taken and the 
average maximum force values were calculated for the three different tests of the 
excavating and demolition tasks, respectively. By plotting graphs with the calculated 
average maximum force values, the effects of force feedback and safety function were 
observed. Also, error bars in graphs showed how different the maximum values were 
between tests. The error bars were acquired by subtracting the average maximum force 
value from the maximum force value for each trial.  
4.3.4 Expected Experimental Results 
The maximum force values for the simulated excavating and demolition tasks 
without force feedback and safety function were expected to be larger than the maximum 
force values from the tests with force feedback and safety function. Additionally, the 
maximum force values from the test with only force feedback were expected to be larger 
than the maximum force values from the test with both force feedback and safety function. 
Even though force feedback was expected to help the operators recognize the impact well, 
it was not expected to improve the reaction time of the operators. The safety function did 






4.4 Experimental Result of the TMSRA with Force Feedback 
Figure 35 shows the average maximum force values for each trial during the 
excavating experiments among 10 subjects. The average value was 59.01 N without the 
force feedback, 32.24 N with the force feedback, and 13.18 N with the force feedback and 
a safety function. The maximum and minimum force value without force feedback among 
10 subjects was 74.07 N and 37.36 N, respectively. The maximum and minimum force 
value with force feedback among 10 subjects was 51.69 N and 15.76 N, respectively. The 
maximum and minimum force value with both force feedback and safety function was 
21.71 N and 3.67 N, respectively. The average maximum force value decreased by 45.45% 
using the force feedback, and 77.67% using the force feedback and a safety function 
together. 
 





Figure 36 shows the average maximum force values for each trial during the 
demolition test among 10 subjects. The average value was 53.64 N without the force 
feedback, 30.95 N with the force feedback, and 12.68 N with the force feedback and a 
safety function. The maximum and minimum force value without force feedback among 
10 subjects was 72.91 N and 32.22 N, respectively. The maximum and minimum force 
value with force feedback among 10 subjects was 59.66 N and 7.84 N, respectively. The 
maximum and minimum force value with both force feedback and safety function was 
20.52 N and 6.91 N, respectively. The average maximum force value decreased by 42.46% 
using the force feedback, and 76.36% using the force feedback and a safety function 
together.  
 




 DISCUSSION AND CONCLUSION 
5.1 Discussion 
5.1.1 Motion Scaling Teleoperation 
The experimental results in section 3.4 showed the effect of motion scaling. The 
completion time from the experiments differed between subjects because of individual 
differences. Some of the subjects got used to manipulating the master system very quickly 
and their completion time for motion scaling experiments was much faster than others.  
Even though some of the subjects finished the given tasks very quickly and others 
completed the tasks slower, the experimental results showed that adopting motion scaling 
to the teleoperated robotic arm reduced completion times by at least 31.41% and as much 
as 47.76%. During the experiments, most subjects were also sometimes lucky so that they 
could make it easier for one or two trials out of ten trials. The average task time for position 
2 without motion scaling in Figure 24 was very low because one of the subjects recorded 
24.36 seconds for the task. It was much faster than the average task time for position 2 
without motion scaling, 90.2008 seconds. He was very lucky for the fourth trial that the 
piece of plastic slid into the small surface area very quickly without delicate control.  
The completion times decreased for all cases when motion scaling teleoperation was 
used. The motion scaling teleoperation caused a bigger decrease in the completion time for 
the task with the surface with the area of 2.5 𝑐𝑚2 than the task with the surface with the 
area of 3.0 𝑐𝑚2. The reason was that more delicate control was required for the task with 
the smaller surface area. The percentage decrease in task time for the task with the smaller 
area was 44.80%, 44.66%, and 47.76% for position 1, position 2, and position 3, 
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respectively. The percentage decrease in task time for the task with the larger area was 
39.71%, 35.02%, and 31.41% for position 1, position 2, and position 3, respectively.  
The experimental results showed that the motion scaling teleoperation decreased the 
task completion time significantly. The motion scaling provided not only delicate control 
but also macro movements which allowed the subjects less control over the haptic device 
to move the small piece of plastic approximately to the desired positions. 
5.1.2 Force Feedback 
The experimental results in section 4.4 showed the effect of force feedback. The 
variation in the maximum force data was caused by different sensitivities and reaction 
times between subjects. Some subjects detected the impact very soon and took proper 
action not to apply more force on the pipes right away. On the other hand, other subjects 
realized the impact slightly late, and they took proper action too late due to slow reaction 
time. When subjects did not pull the haptic device back to avoid the pipes, the end-effector 
kept applying force on the pipes. In this case, the maximum force value was higher than 
the former case.  
Even though all the subjects had different control styles, sensitivity and reaction 
time, the average maximum force value for the excavating tasks decreased by 45.45% using 
the force feedback, and 77.67% using both force feedback and safety function. Additionally, 
the average maximum force value for the demolition tasks decreased by 42.46% using 
force feedback, and 76.36% using both force feedback and safety function.  
The experimental results showed that the average maximum force values when 
using both force feedback and safety function were above 5 N from all subjects even though 
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the threshold value for the safety function was set to 5 N. During the experiment, subjects 
tended to rotate the bucket fast to dig up the perlite, which is why the average maximum 
force was above 5 N.  
The experimental results from subjects 2 and 5 shown in Figure 35 and the 
experimental results from subjects 6 and 8 shown in Figure 36 were unusual. When the 
speed of the end-effector is fast, the maximum force value is usually bigger than the 
opposite case because it is hard to capture the moment when the end-effector first touches 
the buried bars. Subject 2 in Figure 35 and subject 6 in Figure 36 rotated the end-effector 
really fast; however subject 5 in Figure 35 and subject 8 in Figure 36 performed the 
excavating tasks without force feedback very carefully. Therefore, the average maximum 
force value without force feedback from subject 5 and 8 was less than the average 
maximum force value with force feedback from subject 2 and 6. 
5.2 Conclusion 
This study presents an innovative teleoperated motion scaling robotic arm with force 
feedback for the construction industry. The TMSRA enables the operators to control the 
slave equipment intuitively, precisely, and efficiently using motion scaling and force 
feedback. The TMSRA, when paired with force feedback and a safety function, helps the 
operator to apply less force on the buried objects, which should not be damaged in the 
simulated construction workspace. The average maximum force value differs between 
subjects, but the TMSRA with the previously mentioned functions still significantly 
decreases the maximum force value on an object. One of the primary benefits of using the 
system is the improved work efficiency, which is obtained by strategically controlling the 
velocity of the robotic arm in the simulated construction work. The robotic arm can reach 
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workspace more quickly and finish given tasks faster. For the tasks which require delicate 
control, the effect of the motion scaling is bigger.  
The primary purpose of this research is to propose a teleoperated motion scaling 
robotic arm with force feedback for the construction industry. By adopting a motion scaling 
control system, work efficiency on construction sites could be significantly improved. This 
could resolve issues relating to shortages of equipment operators and delayed construction 
work. Also, it would contribute to generating more revenue on construction sites. The 
teleoperation system would reduce the number of construction site accident injuries 
because the operators do not need to be in the equipment so they would be safe even when 
unexpected accidents happen. Also, they would be free from construction dust. Adopting 
force feedback to the construction equipment would reduce the number of accidents 
relating to buried facilities by decreasing the maximum force applied to the facilities. This 
could save people's lives and the cost of restoration work. 
There are improvements that can be made for higher work efficiency and a more 
reliable system. Future works will include having a new master system which allows the 
operator to control the slave more intuitively and efficiently. The haptic device used in this 
study had 6 revolute joints, but only 4 joints were used to control the physical robotic arm. 
While performing the experiments, the subjects wanted to fix the 2 joints in a position so 
that the 2 joints did not rotate. The extra 2 rotating joints distracted subjects to focus on 
their control. In addition to fixing the extra 2 rotating joints, the overshoot issue should be 
addressed. From the experiments for force feedback and safety function, the overshoot was 
observed. The experimental data showed that the maximum force values exceeded the 
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threshold value for the safety function. The overshoot should be eliminated by increasing 
the refresh rate between the master system and the slave system in future studies.  
I contributed the following items to this Master’s Thesis. 
✓ Designed the physical robotic arm, fabricated the parts using a 3D printer and a 
laser cutting machine, and then assembled and tested the prototype 
✓ Added two main functionality to the downloaded ROS packages to suit this study’s 
purpose 
⚫ Actuating the three actuators of the haptic device when the force information 
from Nano17 was received to implement force feedback 
⚫ Control the Dynamixel motor based on the velocity control algorithm 
✓ Created nodes to integrate the haptic device, the physical robotic arm with Nano17  
⚫ Transmitting velocity information and button states of the haptic device 
⚫ Processing velocity information based on the velocity information and button 
states of the haptic device 
⚫ Processing velocity information based on force information from Nano 17 for 
the safety function 
⚫ Reading force information of the end-effector from Nano17 and reducing the 
force information based on the reduction ratio 
⚫ Transmitting the processed force information to the haptic device 
✓ Conducted human subjects tests with 10 subjects 
⚫ Motion Scaling Teleoperation / Force Feedback  
✓ Analyzed the data from human subjects tests 
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∙ 𝑦6 ∙ (54134.89 ∙ 𝑦66 + 𝑦224 ∙ 𝑦55) + 0.1365 ∙ 𝑦72
∙ (5504.71 ∙ 𝑦51 + 31920.83 ∙ 𝑦62 + 𝑦146 ∙ 𝑦50))




𝐶(11) =  𝑑𝑞2 ∙ (0.1365 ∙ 𝑦144 + 𝑦153 ∙ (𝑦149 + 𝑦214) + 𝑦2
∙ (17174.35 + 𝑦216) + 0.1365 ∙ 𝑦221 + 𝑦226 + 𝑦240
+ 0.1365 ∙ 𝑦242 ∙ 𝑦8 + 𝑦242 ∙ 𝑦89 + 𝑦244 + 𝑦251 + 0.1365 ∙ 𝑦6
∙ (𝑦246 + 𝑦248)) + 𝑑𝑞3 ∙ (0.1365 ∙ 𝑦144 + 𝑦153 ∙ (𝑦149
+ 𝑦231) + 𝑦2 ∙ (17174.35 + 𝑦230) + 0.1365 ∙ 𝑦234 + 𝑦236
+ 𝑦251 + 𝑦252 + 0.1365 ∙ 𝑦253 ∙ 𝑦8 + 𝑦235 ∙ 𝑦89 + 0.1365 ∙ 𝑦6
∙ (𝑦248 + 𝑦254)) + 𝑑𝑞4 ∙ 𝑦250 
(A78) 
𝐶(12) =  𝑑𝑞2 ∙ (𝑦217 + 0.1365 ∙ 𝑦211 + 𝑦226 + 𝑦257 + 0.1365 ∙ 𝑦258 ∙ 𝑦8
+ 𝑦258 ∙ 𝑦89 + 𝑦262 + 0.1365 ∙ 𝑦6 ∙ (𝑦246 + 𝑦260))
+ 𝑑𝑞3 ∙ (𝑦232 + 0.1365 ∙ 𝑦234 + 𝑦236 + 𝑦262 + 𝑦263
+ 0.1365 ∙ 𝑦264 ∙ 𝑦8 + 𝑦264 ∙ 𝑦89 + 0.1365 ∙ 𝑦6 ∙ (𝑦254
+ 𝑦260)) + 𝑑𝑞4 ∙ (0.1365 ∙ 𝑦1444 + 𝑦243 + 𝑦251 + 𝑦262
+ 𝑦266 + 0.1365 ∙ 𝑦267 ∙ 𝑦8 + 𝑦267 ∙ 𝑦89 + 0.1365 ∙ 𝑦6
∙ (−77026 + 54134.89 ∙ 𝑦199 − 2 ∙ 𝑦265)) + 𝑑𝑞4 ∙ 𝑦261 
(A79) 
𝐶(13) =  𝑑𝑞2 × 𝑦268 (A80) 
𝐶(14) =  𝑑𝑞2 ∙ (𝑦223 + 0.09888 ∙ 𝑦225 + 𝑦270 + 𝑦271) + 𝑑𝑞3 ∙ 𝑦269 (A81) 
𝐶(15) =  𝑑𝑞2 ∙ (𝑦240 + 0.09888 ∙ 𝑦242 + 𝑦271 + 𝑦273) + 𝑑𝑞3 ∙ (𝑦252




𝐶(16) =  𝑑𝑞2 ∙ (𝑦257 + 0.09888 ∙ 𝑦258 + 𝑦271 + 𝑦275) + 𝑑𝑞3
∙ (𝑦263 + 0.09888 ∙ 𝑦261 + 𝑦270 + 𝑦275) + 𝑑𝑞4
∙ (𝑦266 + 0.09888 ∙ 𝑦267 + 𝑦273 + 𝑦275) + 𝑑𝑞4 ∙ 𝑦274 
(A83) 
𝑦0 = −0.1365 × sin 𝑞2
2 − 0.1365 × cos 𝑞2
2 (A84) 
𝑦1 =  27125.27 × 𝑦0 (A85) 
𝑦2 = sin 𝑞3 (A86) 
𝑦3 = cos 𝑞3 (A87) 
𝑦4 = −12365.68 × 𝑦2 + 17174.35 × 𝑦3 (A88) 
𝑦5 = 𝑦3 × 𝑦4 (A89) 
𝑦6 = sin 𝑞4 (A90) 
𝑦7 = −𝑦6 (A91) 





𝑦11 = −0.09888 × 𝑦10 − 0.09888 × 𝑦9 (A95) 
𝑦12 = 𝑦3 × 𝑦6 (A96) 
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𝑦13 = 𝑦12 + 𝑦2 × 𝑦8 (A97) 
𝑦14 = −53775.42 (A98) 
𝑦15 = 𝑦3 × 𝑦8 (A99) 
𝑦16 = 𝑦2 × 𝑦7 (A100) 
𝑦17 = 𝑦15 + 𝑦16 (A101) 
𝑦18 = 𝑦13
2 × 𝑦14 + 𝑦17
2 × 𝑦14 (A102) 
𝑦19 = 𝑦11 × 𝑦18 (A103) 
𝑦20 = 𝑦19 × 𝑦17 + 𝑦5 (A104) 
𝑦21 =  4482.37 × 𝑦13 + 48310.24 × 𝑦17 (A105) 





𝑦25 = 𝑦17 × (−0.1365 × 𝑦23 − 0.1365 × 𝑦24) (A109) 
𝑦26 = 𝑦0 + 𝑦25 (A110) 
𝑦27 = 𝑦11 × 𝑦15 + 𝑦11 × 𝑦16 (A111) 
𝑦28 = 𝑦26 + 𝑦27 (A112) 
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𝑦29 =  53775.42 × 𝑦16 (A113) 
𝑦30 = 𝑦13 × 𝑦29 + 𝑦22 (A114) 
𝑦31 = −𝑦13 (A115) 
𝑦32 = 𝑦21 × 𝑦31 (A116) 
𝑦33 = 𝑦17 × 𝑦29 + 𝑦32 (A117) 
𝑦34 =  30153.79 × 𝑦26 (A118) 
𝑦35 = 𝑦2 × 𝑦34 (A119) 
𝑦36 = −𝑦2 (A120) 
𝑦37 = 𝑦36 × 𝑦4 (A121) 
𝑦38 = 𝑦19 × 𝑦8 + 𝑦37 (A122) 
𝑦39 = 𝑦3 × 𝑦34 (A123) 
𝑦40 = −30153.79 (A124) 
𝑦41 = 𝑦23 × 𝑦40 + 𝑦24 × 𝑦40 (A125) 
𝑦42 = 𝑦18 + 𝑦41 (A126) 
𝑦43 = 𝑦25 × 𝑦42 (A127) 
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𝑦44 = 𝑦1 + 𝑦2 × (𝑦20 + 𝑦30 × 𝑦8 + 𝑦33 × 𝑦7 + 𝑦35)
+ 𝑦3 × (𝑦30 × 𝑦6 + 𝑦33 × 𝑦8 + 𝑦38 + 𝑦39) + 𝑦43 
(A128) 
𝑦45 = −27125.57 (A129) 
𝑦46 = 𝑦42 + 𝑦45 (A130) 
𝑦47 = 𝑦0 × 𝑦46 (A131) 
𝑦48 = 𝑦44 + 𝑦47 (A132) 
𝑦49 = −𝑦0 − 0.1365 (A133) 
𝑦50 =  2 × 𝑦3 (A134) 
𝑦50 =  2 × 𝑦3 (A135) 
𝑦52 = −12365.68 × 𝑦51 + 17174.35 × 𝑦51 (A136) 
𝑦53 = 𝑦50 × 𝑦8 (A137) 
𝑦54 = 𝑦51 × 𝑦7 (A138) 
𝑦55 = 𝑦53 + 𝑦54 (A139) 
𝑦56 = 𝑦50 × 𝑦6 + 𝑦51 × 𝑦8 (A140) 
𝑦57 =  4482.37 × 𝑦56 + 48310.24 × 𝑦55 (A141) 
𝑦58 = 𝑦36 × 𝑦49 (A142) 
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𝑦59 = 𝑦3 × 𝑦49 (A143) 
𝑦60 = 𝑦58 × 𝑦8 + 𝑦59 × 𝑦7 (A144) 
𝑦61 = 𝑦0 − 0.1365 (A145) 
𝑦62 =  2 × 𝑦25 + 𝑦61 (A146) 
𝑦63 = 𝑦11 × 𝑦53 + 𝑦11 × 𝑦54 + 𝑦62 (A147) 
𝑦64 =  53775.42 × 𝑦63 (A148) 
𝑦65 = 𝑦14 × 𝑦60 + 𝑦55 × 𝑦57 + 𝑦56 × 𝑦64 (A149) 
𝑦66 = 𝑦58 × 𝑦6 + 𝑦59 × 𝑦8 (A150) 
𝑦67 = −𝑦56 (A151) 
𝑦68 =  53775.42 × 𝑦66 + 𝑦55 × 𝑦64 + 𝑦57 × 𝑦67 (A152) 
𝑦69 =  30153.79 × 𝑦8 (A153) 
𝑦70 = 𝑦14 × 𝑦55
2  + 𝑦14 × 𝑦56
2 (A154) 
𝑦71 = 𝑦11 × 𝑦70 (A155) 
𝑦72 = −𝑦58 (A156) 
𝑦73 = 𝑦40 × 𝑦50
2 + 𝑦40 × 𝑦51
2 + 𝑦70 (A157) 
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𝑦74 =  27125.57 ∙ 𝑦49 + 54251.14 ∙ 𝑦61 + 𝑦2
∙ (𝑦40 ∙ 𝑦58 + 𝑦50 ∙ 𝑦52 + 𝑦51 ∙ 𝑦69 + 𝑦65 ∙ 𝑦8 + 𝑦68 ∙ 𝑦7 + 𝑦7
∙ 𝑦71) + 𝑦25 ∙ 𝑦73 + 𝑦73 ∙ (30153.79 ∙ 𝑦59 + 𝑦50 ∙ 𝑦69 + 𝑦52
∙ 𝑦72 + 𝑦6 ∙ 𝑦65 + 𝑦68 ∙ 𝑦8 + 𝑦71 ∙ 𝑦8) 
(A158) 
𝑦75 = −108502.28 + 𝑦73 (A159) 
𝑦76 = −𝑦48 (A160) 
𝑦77 = −3702.6 (A161) 
𝑦78 = 𝑦25 − 0.1365 (A162) 
𝑦79 = 𝑦25 + 𝑦78 (A163) 
𝑦80 =  53775.42 × 𝑦79 (A164) 
𝑦81 = 𝑦13 × 𝑦80 + 𝑦22 (A165) 
𝑦82 = 𝑦17 × 𝑦80 + 𝑦32 (A166) 
𝑦83 =  30153.79 × 𝑦78 (A167) 
𝑦84 = 𝑦2 × 𝑦83 (A168) 
𝑦85 = 𝑦3 × 𝑦83 (A169) 
𝑦86 = 𝑦2 ∙ (𝑦20 + 𝑦7 ∙ 𝑦82 + 𝑦8 ∙ 𝑦81 + 𝑦84) + 𝑦3




𝑦87 = 𝑦47 + 𝑦86 (A171) 
𝑦88 = −𝑦87 (A172) 
𝑦89 =  0.09888 × 𝑦10 + 0.09888 × 𝑦9 (A173) 
𝑦90 =  0.1365 × 𝑦8 + 𝑦89 (A174) 
𝑦91 =  10297.45 × 𝑦13 (A175) 
𝑦92 = −19256.61 (A176) 
𝑦93 = 𝑦17 × 𝑦92 + 𝑦91 (A177) 
𝑦94 =  54134.89 × 𝑦28 (A178) 
𝑦95 = 𝑦93 + 𝑦94 (A179) 
𝑦96 =  54134.89 × 𝑦90 (A180) 
𝑦97 =  19256.61 + 𝑦96 (A181) 
𝑦98 =  53775.42 + 𝑦31 (A182) 
𝑦99 = 𝑦97 + 𝑦98 (A183) 
𝑦100 = −𝑦93 (A184) 
𝑦101 =   50640.91 × 𝑦13 (A185) 
𝑦102 =  10926.75 × 𝑦17 (A186) 
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𝑦103 = −𝑦101 − 𝑦102 (A187) 
𝑦104 =  19256.61 × 𝑦28 + 𝑦103 (A188) 
𝑦105 = −48310.24 (A189) 
𝑦106 =  0.1365 × 𝑦6 (A190) 
𝑦107 = 𝑦105 + 𝑦106 × 𝑦14 (A191) 
𝑦108 = 𝑦15 + 𝑦36 × 𝑦6 (A192) 
𝑦109 = 𝑦36 × 𝑦8 (A193) 
𝑦110 = −𝑦12 (A194) 
𝑦111 = 𝑦109 + 𝑦1110 (A195) 
𝑦112 =  0.1365 × 𝑦2 (A196) 
𝑦113 = 𝑦109 × 𝑦11 + 𝑦112 + 𝑦11 × 𝑦110 (A197) 
𝑦114 = −10297.45 (A198) 
𝑦115 =  13788.6 + 𝑦21 (A199) 
𝑦116 =  19256.61 × 𝑦90 + 𝑦106 × 𝑦114 + 𝑦115 (A200) 
𝑦117 =  0.1 × 𝑦108 + 50640.91 × 𝑦111 + 10297.45 × 𝑦113 + 𝑦107




𝑦118 = 𝑦100 × 𝑦99 + 𝑦104 + 𝑦117 + 𝑦90 × 𝑦95 (A202) 
𝑦119 =  31353.36 + 30153.79 × 𝑦36 + 4357.1933 (A203) 
𝑦120 = −𝑦119 (A204) 
𝑦121 =  0.1 × 𝑦13 (A205) 
𝑦122 =  50640.91 × 𝑦17 (A206) 
𝑦123 = 𝑦121 + 𝑦122 (A207) 
𝑦124 =  10297.45 × 𝑦28 (A208) 
𝑦125 = 𝑦123 + 𝑦124 (A209) 
𝑦126 =  54137.89 × 𝑦106 (A210) 
𝑦127 = 𝑦114 + 𝑦126 (A211) 
𝑦128 =  53775.42 × 𝑦17 (A212) 
𝑦129 = 𝑦127 + 𝑦128 (A213) 
𝑦130 = −𝑦106 (A214) 
𝑦131 =  4482.37 + 𝑦14 × 𝑦90 (A215) 





𝑦133 = 𝑦125 + 𝑦129 × 𝑦28 + 𝑦130 × 𝑦95 + 𝑦132 (A217) 
𝑦134 =  31920.83 × 𝑦26 (A218) 
𝑦135 = −17174.35 (A219) 
𝑦136 =  2097.8 + 𝑦4 (A220) 
𝑦137 =  19051.61 × 𝑦2 (A221) 
𝑦138 =  1047.63 × 𝑦3 (A222) 
𝑦139 =  5504.71 × 𝑦2 (A223) 
𝑦140 = −𝑦17 (A224) 
𝑦141 =  10297.45 ∙ 𝑦108 + 54134.89 ∙ 𝑦113 + 𝑦111 ∙ 𝑦92 + 𝑦129 ∙ 𝑦140 + 𝑦13
∙ 𝑦99 
(A225) 
𝑦142 = 𝑦11 × 𝑦141 (A226) 
𝑦143 =  0.1 × 𝑦3 + 19051.61 × 𝑦36 − 4279.7 × 𝑦3 + 5504.71 × 𝑦112
+ 𝑦135 + 𝑦136 × 3 − 𝑦137 − 𝑦138 + 0.1365 × 𝑦139
+ 𝑦142 × 𝑦7 
(A227) 
𝑦144 = −5504.71 (A228) 
𝑦145 =  30153.79 × 𝑦3 + 𝑦144 (A229) 
𝑦146 = −31353.36 (A230) 
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𝑦147 =  19051.61 × 𝑦3 (A231) 
𝑦148 = −4116.99 (A232) 
𝑦149 = −123665.68 + 𝑦115 (A233) 
𝑦150 =  0.1 × 𝑦2 (A234) 
𝑦151 =  1047.63 × 𝑦36 + 𝑦112 × 𝑦146 + 𝑦136 × 𝑦36 + 𝑦142 × 𝑦8 + 2 × 𝑦147
+ 𝑦149 + 𝑦150 
(A235) 
𝑦152 =  5504.71 × 𝑦26 (A236) 
𝑦153 = −𝑦3 (A237) 
𝑦154 =  5504.71 × 𝑦3 + 30153.79 × 𝑦112 + 𝑦141 + 𝑦145 × 𝑦153
+ 𝑦146 × 𝑦36 
(A238) 
𝑦155 = 𝑦154 × 𝑦25 (A239) 
𝑦156 = 𝑦1 + 𝑦155 + 𝑦2
∙ (31353.36 ∙ 𝑦26 + 𝑦118 ∙ 𝑦8 + 𝑦120 ∙ 𝑦26 + 𝑦133 ∙ 𝑦7
+ 0.1365 ∙ 𝑦134 + 𝑦143) + 𝑦3 ∙ (𝑦118 ∙ 𝑦6 + 𝑦133 ∙ 𝑦8 + 𝑦145
∙ 𝑦26 + 𝑦151 + 𝑦152) 
(A240) 
𝑦157 = 𝑦254 + 𝑦45 (A241) 
𝑦158 = 𝑦0 × 𝑦157 (A242) 
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𝑦159 = 𝑦2 × (𝑦107 × 𝑦8 + 𝑦131 × 𝑦7 + 𝑦135)
+ 𝑦3 × (𝑦107 × 𝑦6 + 𝑦131 × 𝑦8 + 𝑦149) 
(A243) 
𝑦160 = −𝑦159 (A244) 
𝑦161 =  54134.89 × 𝑦79 (A245) 
𝑦162 = 𝑦161 + 𝑦93 (A246) 
𝑦163 = −𝑦79 (A247) 
𝑦164 =  19256.61 × 𝑦79 + 𝑦103 (A248) 
𝑦165 = 𝑦117 + 𝑦162 × 𝑦90 + 𝑦163 × 𝑦99 + 𝑦164 (A249) 
𝑦166 =  10297.45 × 𝑦79 (A250) 
𝑦167 = 𝑦123 × 𝑦166 (A251) 
𝑦168 =  𝑦129 × 𝑦79 + 𝑦130 × 𝑦162 + 𝑦132 × 𝑦167 (A252) 
𝑦169 =  31920.83 × 𝑦78 (A253) 
𝑦170 =  5504.71 × 𝑦78 (A254) 
𝑦171 = 𝑦155 + 𝑦2
∙ (31353.36 ∙ 𝑦78 + 𝑦120 ∙ 𝑦78 + 𝑦143 + 𝑦135 ∙ 𝑦8 + 𝑦168 ∙ 𝑦7
+ 0.1365 ∙ 𝑦169) + 𝑦3




𝑦172 = 𝑑𝑞4 × 𝑦159 (A256) 
𝑦173 =  24609.47 + 𝑦98 (A257) 
𝑦174 =  0.09888 × 𝑦13 (A258) 
𝑦175 =  1904.09 + 𝑦115 (A259) 
𝑦176 =  0.1 × 𝑦17 + 50640.91 × 𝑦31 − 1904.09 × 𝑦17 + 10297.45 × 𝑦174
+ 𝑦105 + 𝑦175 × 𝑦17 + 0.09888 × 𝑦91 
(A260) 
𝑦177 = 𝑦100 × 𝑦173 + 𝑦104 + 𝑦176 + 0.09888 × 𝑦94 (A261) 
𝑦178 = 𝑦114 + 𝑦128 (A262) 
𝑦179 = −5317.31 (A263) 
𝑦180 =  4482.37 + 𝑦179 (A264) 
𝑦181 =  10926.75 × 𝑦31 + 𝑦121 + 2 × 𝑦122 + 𝑦174 × 𝑦92 + 𝑦175 × 𝑦31
+ 𝑦180 
(A265) 
𝑦182 = 𝑦124 + 𝑦178 × 𝑦28 + 𝑦181 (A266) 
𝑦183 =  10297.45 ∙ 𝑦17 + 54134.89 ∙ 𝑦174 + 𝑦13 ∙ 𝑦173 + 𝑦140 ∙ 𝑦178 + 𝑦31
∙ 𝑦92 
(A267) 
𝑦184 = 𝑦11 × 𝑦183 (A268) 
𝑦185 = 𝑦184 × 𝑦7 + 𝑦5 (A269) 
 
 88 
𝑦186 = 𝑦184 × 𝑦8 + 𝑦37 (A270) 
𝑦187 = 𝑦183 + 𝑦41 (A271) 
𝑦188 = 𝑦187 × 𝑦25 (A272) 
𝑦189 = 𝑦1 + 𝑦188 + 𝑦2 × (𝑦177 × 𝑦8 + 𝑦182 × 𝑦7 + 𝑦185 + 𝑦35)
+ 𝑦3 × (𝑦177 × 𝑦6 + 𝑦182 × 𝑦8 + 𝑦186 + 𝑦39) 
(A273) 
𝑦190 = 𝑦187 + 𝑦45 (A274) 
𝑦191 = 𝑦0 × 𝑦190 (A275) 
𝑦192 = 𝑦2 × (𝑦105 × 𝑦8 + 𝑦180 × 𝑦7) + 𝑦3 × (𝑦105 × 𝑦6 + 𝑦180 × 𝑦8) (A276) 
𝑦193 = −𝑦192 (A277) 
𝑦194 =  0.09888 × 𝑦161 + 𝑦163 × 𝑦173 + 𝑦164 × 𝑦176 (A278) 
𝑦195 = 𝑦166 + 𝑦178 × 𝑦79 + 𝑦181 (A279) 
𝑦196 = 𝑦188 + 𝑦2 × (𝑦185 + 𝑦194 × 𝑦8 + 𝑦195 × 𝑦7 + 𝑦84) + 𝑦3 × (𝑦186
+ 𝑦194 × 𝑦6 + 𝑦195 × 𝑦8 + 𝑦85) + 𝑦77 
(A280) 
𝑦197 = 53775.42 × 𝑦106 (A281) 
𝑦198 = −193240.96 + 𝑦130 × 𝑦14 − 2 × 𝑦115 (A282) 
𝑦199 = 𝑦90 − 0.09888 (A283) 
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𝑦200 = 𝑦90 + 0.09888 (A284) 
𝑦201 = 17929.48 + 53775.42 × 𝑦199 − 107550.84 × 𝑦200 (A285) 
𝑦202 = 𝑑𝑞4 × (𝑦160 + 𝑦193 + 𝑦114 × (𝑦135 + 𝑦198 × 𝑦8 + 𝑦201 × 𝑦7)
+ 𝑦3 × (𝑦149 + 𝑦198 × 𝑦6 + 𝑦201 × 𝑦8)) + 𝑑𝑞4 × 𝑦192 
(A286) 
𝑦203 = −0.1365 × 𝑦46 (A287) 
𝑦204 = 𝑦203 + 𝑦44 (A288) 
𝑦205 = −𝑦204 (A289) 
𝑦206 = 𝑦203 + 𝑦86 (A290) 
𝑦207 = −𝑦206 (A291) 
𝑦208 = −0.1365 × 𝑦157 (A292) 
𝑦209 = −0.1365 × 𝑦190 (A293) 
𝑦210 = 𝑦101 + 𝑦102 (A294) 
𝑦211 = 𝑦210 + 𝑦28 × 𝑦92 (A295) 
𝑦212 = 𝑦125 × 𝑦140 + 𝑦13 × 𝑦211 (A296) 
𝑦213 = 𝑦147 + 𝑦150 (A297) 
𝑦214 = 𝑦152 + 𝑦213 (A298) 
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𝑦215 = 𝑦137 + 𝑦138 (A299) 
𝑦216 = 𝑦146 × 𝑦26 + 𝑦215 (A300) 
𝑦217 = 𝑦153 × 𝑦214 + 𝑦2 × 𝑦216 (A301) 
𝑦218 = 𝑦31 × 𝑦95 (A302) 
𝑦219 = 𝑦17 × 𝑦95 (A303) 
𝑦220 = 𝑦139 + 𝑦146 × 3 (A304) 
𝑦221 = 𝑦36 × (𝑦134 + 𝑦220) (A305) 
𝑦222 = 𝑦212 + 𝑦217 + 0.1365 × 𝑦218 × 𝑦8 + 𝑦218 × 𝑦89
+ 0.1365 × 𝑦219 × 𝑦6 + 0.1365 × 𝑦221 
(A306) 
𝑦223 = 19256.61 × 𝑦60 + 𝑦114 × 𝑦66
− 𝑦115 × (0.1 × 𝑦56 + 50640.91 × 𝑦55 + 10297.45 × 𝑦63)
+ 𝑦56 × (5064.91 × 𝑦56 + 10926.75 × 𝑦55 + 𝑦92 × 𝑦63) 
(A307) 
𝑦224 = 10297.45 × 𝑦56 + 54134.89 × 𝑦63 + 𝑦55 × 𝑦92 (A308) 
𝑦225 = 54134.89 × 𝑦60 + 𝑦224 × 𝑦67 (A309) 
𝑦226 = −𝑦115 (A310) 
𝑦227 = 𝑦210 + 𝑦79 × 𝑦92 (A311) 
𝑦228 = 𝑦13 × 𝑦227 + 𝑦140 × 𝑦167 (A312) 
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𝑦229 = 𝑦162 × 𝑦31 (A313) 
𝑦230 = 𝑦146 × 𝑦78 + 𝑦215 (A314) 
𝑦231 = 𝑦170 + 𝑦213 (A315) 
𝑦232 = 𝑦153 × 𝑦231 + 𝑦2 × 𝑦230 (A316) 
𝑦233 = 𝑦162 × 𝑦17 (A317) 
𝑦234 = 𝑦36 × (𝑦169 + 𝑦220) (A318) 
𝑦235 = 𝑦228 + 0.1365 × 𝑦229 × 𝑦8 + 𝑦229 × 𝑦89 + 𝑦232
+ 0.1365 × 𝑦233 × 𝑦6 + 0.1365 × 𝑦234 
(A319) 
𝑦236 = −𝑦235 (A320) 
𝑦237 = 48310.24 + 𝑦115 (A321) 
𝑦238 = −𝑦90 (A322) 
𝑦239 = 4482.37 × 𝑦108 + 48310.24 × 𝑦111 + 𝑦106 × 𝑦99 + 𝑦129 × 𝑦238 (A323) 
𝑦240 = 𝑦13 × (𝑦211 + 𝑦237) + 𝑦140 × (𝑦125 + 𝑦131) + 𝑦239 (A324) 
𝑦241 = 𝑦108 × 𝑦14 + 𝑦129 (A325) 
𝑦242 = 𝑦218 + 𝑦241 (A326) 
𝑦243 = 751.39 (A327) 
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𝑦244 = −12365.68 × 𝑦3 + 17174.35 × 𝑦36 + 𝑦148 × 𝑦3 + 𝑦243 (A328) 
𝑦245 = 53775.42 × 𝑦13 (A329) 
𝑦246 = 𝑦219 + 𝑦245 (A330) 
𝑦247 = 𝑦92 − 𝑦96 (A331) 
𝑦248 = 53775.42 × 𝑦111 + 𝑦247 (A332) 
𝑦249 = 𝑦106 × 𝑦97 + 𝑦127 × 𝑦238 (A333) 
𝑦250 = 0.1365 × 𝑦127 × 𝑦8 + 𝑦127 × 𝑦8 + 0.1365 × 𝑦144 + 𝑦243
+ 0.1365 × 𝑦247 × 𝑦6 + 𝑦249 
(A334) 
𝑦251 = −𝑦250 (A335) 
𝑦252 = 𝑦13 × (𝑦227 + 𝑦237) + 𝑦140 × (𝑦131 + 𝑦167) + 𝑦239 (A336) 
𝑦253 = 𝑦229 + 𝑦241 (A337) 
𝑦254 = 𝑦233 + 𝑦245 (A338) 
𝑦255 = 1018.21 (A339) 
𝑦256 = 4482.37 × 𝑦17 + 48310.24 × 𝑦31 + 𝑦17 × 𝑦179 + 𝑦255 (A340) 
𝑦257 = 𝑦13 × (48310.24 + 𝑦211) + 𝑦140 × (𝑦125 + 𝑦180) + 𝑦256 (A341) 
𝑦258 = 𝑦114 + 𝑦218 (A342) 
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𝑦259 = −5352.86 + 𝑦92 (A343) 
𝑦260 = 𝑦259 + 𝑦98 (A344) 
𝑦261 =  0.1365 × (𝑦227 × 𝑦237) + 𝑦140 × (𝑦167 + 𝑦180) + 𝑦256  (A345) 
𝑦262 = −𝑦261 (A346) 
𝑦263 = 𝑦13 × (48310.24 + 𝑦227) + 𝑦140 × (𝑦167 + 𝑦180) + 𝑦256 (A347) 
𝑦264 = 𝑦114 + 𝑦229 (A348) 
𝑦265 = 54134.89 × 𝑦200 (A349) 
𝑦266 = 19256.61 × 130 + 𝑦106 × (38513.22 + 𝑦265) + 𝑦114 × 𝑦199
− 𝑦200 × (−2 × 10297.45 + 𝑦126) 
(A350) 
𝑦267 = 41189.8 + 54134.89 × 𝑦130 + 2 × 𝑦126 (A351) 
𝑦268 = 𝑦212 + 0.09888 × 𝑦218 (A352) 
𝑦269 = 𝑦228 + 0.09888 × 𝑦229 (A353) 
𝑦270 = −𝑦269 (A354) 
𝑦271 = −𝑦268 (A355) 
𝑦272 = 0.09888 × 𝑦127 + 𝑦249 (A356) 
𝑦273 = −𝑦272 (A357) 
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𝑦274 = 0.09888 × 𝑦114 + 𝑦255 (A358) 
𝑦275 = −𝑦274 (A359) 
𝐺(1) = 𝑧11 (A360) 
𝐺(2) = 𝑧11 (A361) 
𝐺(3) = 31353.36 × 𝑧5 − 5504.71 × 𝑧1 + 4357.2 × 𝑧5
+ 7389.41 × 𝑧2 × 𝑧9 + 𝑧12 + 0.1365 × 𝑧13 × 𝑧6
+ 𝑧13 × (0.09888 × 𝑧2
2 + 0.09888 × 𝑧6
2 
(A362) 
𝐺(4) = 𝑧12 + 0.09888 × 𝑦13 (A363) 
𝑧0 = sin 𝑞3 (A364) 
𝑧1 =  9.81 × 𝑧0 (A365) 
𝑧2 = sin 𝑞4 (A366) 
𝑧3 = −𝑧2 (A367) 
𝑧4 = cos 𝑞3 (A368) 
𝑧5 = 9.81 × 𝑧4 (A369) 
𝑧6 = cos 𝑞4 (A370) 
𝑧7 = 𝑥1 × 𝑥3 + 𝑥5 × 𝑥6 (A371) 
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𝑧8 = −53775.42 × 𝑧7 (A372) 
𝑧9 = 𝑥1 × 𝑥6 + 𝑥2 × 𝑥5 (A373) 
𝑧10 = 53775.42 × 𝑧9 (A374) 
𝑧11 = 𝑧10 × (−30153.79 × 𝑦5 + 𝑥10 × 𝑥3 + 𝑥6 × 𝑥8) + 𝑧4 × (30153.79 ×
𝑧1 + 𝑥10 × 𝑥6 + 𝑥2 × 𝑥8)  
(A375) 
𝑧12 = 19256.61 × 𝑧7 − 10297.45 × 𝑧9 (A376) 
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